Microbial niches contain toxic chemicals capable of forcing organisms into periods of intense natural selection to afford survival. Elucidating the mechanisms by which microbes evade environmental threats has direct relevance for understanding and combating the rise of antibiotic resistance. In this study we used a toxic smallmolecule, bromoacetate, to model the selective pressures imposed by antibiotics and anthropogenic toxins. We report the results of genetic selection experiments that identify nine genes from Escherichia coli whose overexpression affords survival in the presence of a normally lethal concentration of bromoacetate. Eight of these genes encode putative transporters or transmembrane proteins, while one encodes the essential peptidoglycan biosynthetic enzyme, UDP-N-acetylglucosamine enolpyruvoyl transferase (MurA). Biochemical studies demonstrate that the primary physiological target of bromoacetate is MurA, which becomes irreversibly inactivated via alkylation of a critical active-site cysteine. We also screened a comprehensive library of E. coli single-gene deletion mutants and identified 63 strains displaying increased susceptibility to bromoacetate. One hypersensitive bacterium lacks yliJ, a gene encoding a predicted glutathione transferase. Herein, YliJ is shown to catalyze the glutathione-dependent dehalogenation of bromoacetate with a k cat ∕K m value of 5.4 × 10 3 M −1 s −1 . YliJ displays exceptional substrate specificity and produces a rate enhancement exceeding 5 orders of magnitude, remarkable characteristics for reactivity with a nonnatural molecule. This study illustrates the wealth of intrinsic survival mechanisms that can be exploited by bacteria when they are challenged with toxins. enzyme evolution | enzyme recruitment | glutathione transferase B acterial populations are constantly exposed to a myriad of harmful chemicals from the environment. Antibiotics have been used clinically since the mid-twentieth century to fight bacterial infections. Toxic anthropogenic chemicals are widely utilized for agricultural, medicinal, and industrial purposes. The enormous metabolic and functional diversity possessed by microbes enables them to deploy protective mechanisms to facilitate survival under the selective pressures imposed by these toxic molecules. The recent rise of antibiotic resistance demonstrates that bacteria are capable of rapidly evolving evasive strategies; it has also exposed our lack of knowledge about the evolutionary processes leading to resistance (1) .
A resistance phenotype may arise through intrinsic mechanisms or via the acquisition of resistance genes through horizontal transfer (1, 2) . In both cases, three biological processes are commonly associated with toxin evasion-the efflux of harmful compounds, the enzymatic inactivation of toxic agents, and the overexpression or modification of target genes. Intrinsic resistance can occur when a cell constitutively expresses a chromosomal gene encoding a latent or weakly active protein that confers a modest level of protection. Such genes represent the prima materia from which high-level resistance can later evolve (3) (4) (5) (6) . Acquired resistance genes are coding sequences disseminated on mobile genetic elements. These genetic elements are presumed to originate in soil-dwelling, antibiotic-synthesizing microbes as a mechanism of self-protection (2, 7) . In the present study, we were interested in discovering the extent to which intrinsic resistance of a naïve bacterial population can play a role in combating the toxicity of a nonnatural small-molecule. Revealing the reservoir of intrinsic resistance genes that are subject to evolutionary recruitment promises to aid our understanding of the processes leading to the emergence of antibiotic resistant pathogens.
We sought to identify the full spectrum of bromoacetate resistance mechanisms available to the model bacterium, Escherichia coli. The reactivity of bromoacetate is likely to mimic that of electrophilic natural products as well as anthropogenic environmental contaminants that microbes may encounter. The clinically significant natural antibiotic fosfomycin, and the fungal natural product terreic acid, are electrophilic molecules that both target an essential nucleophilic cysteine residue in bacteria (8, 9) . In addition, commonly utilized pesticides such as methyl bromide, 1,3-dichloropropene, and chloropicrin function by covalently modifying essential cellular nucleophiles (10) . We also postulated that the low activation energy required for cleavage of the carbon-bromine bond in bromoacetate, in addition to its small size and ease of cellular entry, would increase the likelihood of discovering enzymes possessing fortuitous dehalogenase activities.
In the first part of our study, we wished to identify coding sequences that could be easily recruited for bromoacetate resistance via a mutation that causes constitutive expression of a single-gene. A genetic selection, using the complete ASKA library of E. coli open reading frames (11, 12) , was used to mimic the natural evolutionary process of gene recruitment via derepression (13) . This technique increases the intracellular concentration of all library-encoded proteins to reveal latent and weakly active bromoacetate resistance mechanisms. A similar genetic selection strategy has recently been used to identify genomic regions in Pseudomonas aeruginosa capable of conferring resistance to aminoglycosides (14) . In the second part of our investigation we sought genes that provide innate protection against bromoacetate, without the need for constitutive overproduction. To this end, we screened the entire Keio collection of approximately 4,000 E. coli single-gene knockouts (15) for mutants hypersensitive to bromoacetate. The Keio collection has previously been used to identify mutants hypersensitive to at least 1 of 22 different antibiotics (16, 17) . Similarly, screening of transposon libraries in Acinetobacter baylyi and P. aeruginosa has identified genes whose disruption hypersensitizes these organisms to a variety of antibiotics (18) (19) (20) . These studies yielded sets of proteins that could be targeted with codrugs to potentiate the activities of extant antibiotics. Our own study provides a genome-wide assessment of the scope of genes available to E. coli to combat the deleterious effects of a nonnatural xenobiotic molecule, which this organism is unlikely to have encountered in the past.
Results and Discussion
The E. coli Genome Harbors Nine Genes that Confer Resistance to Bromoacetate when Overexpressed. To identify genes that can confer resistance to bromoacetate when overexpressed, the DH5α strain of E. coli was subjected to genetic selection. Bacteria were transformed with a plasmid-borne genomic expression library (11) and cells were challenged for growth on LB-agar plates supplemented with 0.9 mM bromoacetate (the lowest concentration sufficient to inhibit growth for one week at 37°C), chloramphenicol (to select for transformants), and IPTG (to induce gene expression). Numerous colonies were selected after 12-36 h of growth, and the resistance genes were identified via sequencing of plasmid DNA (Table 1) . This experiment uncovered a substantial reservoir of genes that can be readily mobilized to withstand bromoacetate. Eight of the selected genes are predicted to encode transport or transmembrane proteins, while one encodes the essential enzyme UDP-N-acetylglucosamine enolpyruvoyl transferase (MurA). MurA catalyzes the first committed step in cell wall peptidoglycan biosynthesis.
The bromoacetate resistance transporters revealed by our genetic selection possess a variety of experimentally defined and putative physiological functions (Table 1) . CynX encodes a putative cyanate permease and is located within the cyanate inducible cyn operon, which also contains cynS and cynT. The cynS and cynT genes encode for cyanase and carbonic anhydrase, respectively (21) . EamA has been shown to efflux cysteine and O-acetyl-Lserine, an intermediate in the biosynthesis of cysteine (22) . Overexpression of eamA is also known to provide resistance to azaserine. Overexpression of yedA and yijE has been shown to confer resistance to toxic purine base analogs, suggesting that their physiological function may be associated with nucleotide transport (23) . YdcO is predicted to encode a benzoate transporter, while yeaN, yhfK, and yjiJ encode putative transport or transmembrane proteins with unknown functions (24) .
Bromoacetate Alkylates the Active-Site Cysteine of MurA. MurA catalyzes the transfer of the enolpyruvoyl moiety of phosphoenolpyruvate (PEP) to the 3′-hydroxyl of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) forming UDP-GlcNAc enolpyruvate (UDP-GlcNAc-EP) (Scheme 1A). This enzyme is the target of the naturally occurring electrophilic antibiotic fosfomycin, which alkylates cysteine 115 in the active site (8) .
To investigate if bromoacetate also alkylates C115, purified MurA was incubated with bromoacetate and the protein was subjected to tryptic digestion followed by mass spectrometry analysis. The peptide masses obtained from MurA incubated with bromoacetate were compared to the masses obtained from control MurA that was not exposed to bromoacetate. We observed a single difference peak between the two spectra corresponding to the tryptic fragment containing C115 (Fig. 1A) . The mass difference of 57.7 Da accounts for alkylation of C115 by bromoacetate, because no other cysteines are contained within this fragment (expected mass difference, 58 Da).
To further characterize the reactivity of MurA with bromoacetate, we investigated the time-dependence of this reaction. MurA was incubated with differing amounts of bromoacetate and the residual MurA activity was measured at various time intervals in a coupled spectrophotometric assay using MurB. The activity of MurA was observed to decrease as a single-exponential function with time (Fig. 1B) . The first-order rate constants of inactivation (k obs ) at various bromoacetate concentrations were plotted against the bromoacetate concentration to obtain a second-order inactivation rate constant (k inact ) of 3.1 AE 0.1 M −1 s −1 in the absence of UDP-GlcNAc (Figs. S1 and S2) and 11.
( Fig. 1B) in the presence of a saturating amount of UDP-GlcNAc (1 mM) in 100 mM triethanolamine-HCl at pH 8.0. Binding of UDP-GlcNAc to MurA has been shown to induce a conformational change resulting in an increased affinity toward PEP (25) . The inactivation rate of MurA with fosfomycin is also dependent upon UDP-GlcNAc (8) . Surprisingly, the second-order inactivation rate of MurA by bromoacetate, under saturating UDPGlcNAc at pH 8.0, is only 9-fold slower than by fosfomycin under saturating UDP-GlcNAc at pH 6.9 (104 M −1 s −1 ) (26). Next, we wished to investigate whether inactivation of the essential MurA is the primary mechanism of bromoacetate toxicity in E. coli. It seems reasonable to postulate that overexpression of murA confers resistance by allowing higher levels of transferase activity to be realized in vivo. Alternatively, overexpression of murA might serve to titrate bromoacetate from the cytosol in a single-turnover dehalogenation reaction, thus reducing its ability to react with other cellular targets. To distinguish between these possibilities, we took advantage of the fact that fosfomycin producing Mycobacteria possess a MurA that contains an activesite aspartate in place of cysteine. This natural substitution renders the protein resistant to modification by fosfomycin (27) , and we also found that it was resistant to alkylation with bromoa- cetate (Fig. S3) . We observed that overproduction of the C115D variant of E. coli MurA confers bromoacetate resistance to a host bacterium on solid and liquid media, whereas the inactive variant, C115A, does not support growth ( Fig. 1C and Fig. S4 ). This indicates that titration of bromoacetate from the cytosol is not important for the resistance phenotype, but, rather, the availability of active MurA is the factor necessary to support growth. Table 2 ). The mutants are divided into seven classes according to the function of the protein that the deleted gene encoded (24) . Class 1 consists of two genes necessary for the glutathione-mediated detoxification of electrophilic molecules. GshA encodes glutamate-cysteine ligase, one of two genes critical for the biosynthesis of the tripeptide glutathione, and yliJ encodes a predicted glutathione transferase. Glutathione transferases catalyze the conjugation of glutathione to electrophilic molecules, thus preventing their reactivity with cellular components. Class 2, the largest class identified, consists of mutants that have general metabolic genes inactivated. Interestingly, many mutants in this class are involved in acetate metabolism, including TCA cycle genes, suggesting flux of bromoacetate through metabolism as a mechanism of detoxification. This is not without precedent as fluoroacetate enters the acetate metabolic pathway, and its toxicity is due to the lethal synthesis of the aconitase inhibitor, fluorocitrate (28) . Also prevalent in this class are genes involved in synthesizing and reducing ubiquinone and genes in the cysteine biosynthetic pathway. Ubiquinone is a cofactor critical for the TCA cycle and free cysteine in the cytosol may be significant in conjugating to bromoacetate and reducing its intracellular concentration. Class 3 genes encode membrane proteins and cell wall biosynthetic enzymes, including several predicted transporters. Class 4 contains genes significant for DNA recombination and repair, while class 5 encodes transcriptional regulators, including CysB, a regulator of cysteine biosynthetic genes. Class 6 encompasses genes involved in protein synthesis/degradation and class 7 genes are of unknown function. Eighteen of the hypersensitive mutants we identified have also been shown to be sensitive to at least 1 of 22 clinically used antibiotics (16, 17) . These coding sequences most likely represent a common framework of genes crucial to resisting the adverse effects of toxic molecules (Table S1 ). Notably, we did not identify mutants containing deletions in any genes that were revealed in selections involving the ASKA collection.
The Previously Uncharacterized Glutathione Transferase, YliJ, Catalyzes the Efficient Dehalogenation of Bromoacetate. We investigated the ability for the predicted glutathione transferase, YliJ, to catalyze the conjugation of glutathione to bromoacetate. YliJ was purified using a hexa-histidine tag and its glutathione transferase activity toward bromoacetate was examined in a discontinuous assay that detects the appearance of bromide ion (29) . YliJ was found to efficiently catalyze the dehalogenation of bromoacetate (Scheme 1B and Fig. 2A ). Kinetic analysis of YliJ, herein renamed glutathione S-transferase B (GstB), revealed a k cat value of 27 AE 1 s −1 and a K m value for bromoacetate of 5 AE 0.3 mM, giving a second-order rate constant of 5.4 × 10 3 M −1 s −1 under saturating glutathione concentrations in 100 mM HEPES at pH 7.0. The high activity of GstB toward a nonnatural molecule is intriguing, so to determine the catalytic proficiency of GstB, we also measured the uncatalyzed rate of dehalogenation (Figs. S5 and S6). The uncatalyzed rate of glutathione conjugation to bromoacetate in 100 mM HEPES at pH 7.0 is 1.4 × 10 −2 M −1 s −1 , indicating that GstB provides a rate acceleration of greater than 5 orders of magnitude. Notably, overexpression of gstB did not confer resistance to bromoacetate but, rather, decreased the minimum inhibitory concentration, most likely due to the conjugation of glutathione to a critical cellular metabolite. Genes are classified as follows: class 1, glutathione-mediated detoxification; class 2, general metabolism; class 3, membrane proteins and cell wall biosynthesis; class 4, DNA recombination and repair; class 5, transcriptional regulation; class 6, protein synthesis and degradation; and class 7, unassigned function. The sensitivity column indicates the degree of hypersensitivity of the indicated strain to bromoacetate as follows: no shading, moderate sensitivity; medium shading, severe sensitivity; and dark shading, very severe sensitivity.
Low gstB expression is sufficient to provide a significant level of bromoacetate resistance because GstB is a highly efficient catalyst. The very severe hypersensitivity of a gstB and a gshA knockout to bromoacetate, compared to the parental strain, is depicted in Fig. 2B . To further characterize GstB, its substrate specificity was examined. We tested the ability for GstB to catalyze the glutathionedependent dehalogenation of chloroacetate, iodoacetate, bromoacetamide, 2-bromopropionate, and 3-bromopropionate. Remarkably, only iodoacetate was reactive with GstB to any significant degree. In the presence of 2 mM iodoacetate the rate of GstB-mediated dehalogenation was 48.9 μmoles min −1 mg
of enzyme. In comparison, the rate of GstB-mediated decomposition of bromoacetate was 10.5 μmoles min −1 mg −1 at the same substrate concentration. The rate of dehalogenation for the other compounds tested (2 mM) was less than 0.07 μmoles min −1 mg −1 . The inability for GstB to detoxify bromoacetamide is intriguing given that this molecule is more reactive than bromoacetate and indicates the importance of the carboxylate for GstB substrate recognition. The physiological substrate of GstB is probably a small-molecule containing a carboxylate moiety. The failure of our in vitro assays to detect significant dehalogenation of bromoacetamide by GstB was corroborated in vivo by observing that a gstB knockout is not hypersensitive to this halogenated molecule (Fig. 2B) . However, the sensitivity of a gshA knockout to bromoacetamide indicates that an unknown glutathione transferase is capable of detoxifying this compound. The stringency with which GstB recognizes its substrate is interesting because glutathione transferases are commonly characterized as having relaxed substrate specificities (30) . The E. coli genome harbors eight glutathione transferase homologues, of which only four have previously been functionally characterized (31) . Glutathione S-transferase (Gst) displays high activity toward the model substrate 1-chloro-2,4-dinitrobenzene (CDNB) and also a low level of glutathione-dependent peroxidase activity toward cumene hydroperoxide, although its physiological function remains unknown (32) . YfcF and YfcG display very low glutathione conjugating activity toward CDNB and also show low glutathione-dependent peroxidase activity toward cumene hydroperoxide (33) ; however, these activities may be vestigial because YfcG was recently shown to be an efficient disulfide bond reductase (34) . Stringent starvation protein A (SspA) does not bind glutathione and has no known enzymatic activity. Instead, this protein associates with RNA polymerase and regulates the expression of stress response genes (35) . The discovery that GstB is a highly active enzyme, and the discovery that the gstB mutant is the only glutathione transferase mutant hypersusceptible to bromoacetate, suggests that each glutathione transferase has a distinct physiological role.
The results presented here illuminate the scope of resistance genes harbored within the genome of a simple organism. The discovery that nearly 2% of the protein encoding genes in E. coli contribute to, or can be recruited to provide, bromoacetate resistance is striking considering the nonnatural origins of this molecule. Interestingly, our work shows that even highly reactive molecules can have specific effects on microbes by targeting a single essential nucleophile and by being specifically recognized by an inactivating enzyme. Our model system identified three types of resistance mechanisms that are commonly observed in clinically significant antibiotic resistant pathogens-toxin efflux, enzymatic inactivation, and overexpression of a target gene. The breadth of gene functions that were revealed indicates that a robust network exists to maintain intrinsic resistance. The numerous transport proteins identified correlates with findings showing that E. coli transporters display functional redundancy in the efflux of toxic small molecules (36) . Transporter polyspecificity provides an important survival strategy, ensuring that a large variety of chemical structures can be efficiently effluxed. The ability for microbes to survive diverse chemical and environmental challenges illustrates the evolutionary advantages of maintaining a large genome size despite the fact that only a small subset of genes are essential during growth on rich media (15, 37) . The experimental approach described herein also provides a method to estimate the likelihood that resistance to a particular toxin might arise, and to predict the specific genes that could facilitate evasion. In future studies, it would be interesting to test the predictive powers of our approach by evolving a bromoacetate resistant strain using continuous culture techniques. One could then investigate the extent to which each of the genes identified here are mobilized to combat the toxic challenge.
Materials and Methods
Genetic Selection. The complete ASKA genomic library was prepared as previously described (12) . Electrocompetent DH5α cells were transformed with 100 ng of genomic library. Cells were recovered in SOC media for 1 h at 37°C and washed twice with M9 minimal media. Washed cells were plated on 30 LB-agar plates supplemented with chloramphenicol (30 μg∕mL), bromoacetate (0.9 mM), and IPTG (50 μM). Identical plates excluding IPTG were used as a negative control. Dilution plates on LB with chloramphenicol allowed us to calculate that the transformed library was plated at a density of 1.08 × 10 5 colony forming units per 100 mm plate. Selected resistance genes were reconfirmed by a second round of selection with purified plasmid DNA, followed by sequencing of isolated plasmids. Although yhfK was selected multiple times in the initial selection, reconfirmation was only successful at a slightly lower bromoacetate concentration (0.8 mM). We found that the ASKA ydcO clone contains 120 bp of genomic sequence preceding the ydcO coding sequence, which would be translated and fused to the N terminus of YdcO. Expression and Purification of GstB. The gstB gene was PCR amplified using the following primers, forward 5′-TAT GCA TGC TTA CGC TGT GGG GTC GGA A-3′ and reverse 5′-TAT AGA TCT GCT AAC GGG AAT CAT CAC CAC-3′. The PCR product was cloned into the SphI and BglII sites of a modified pQE-70 vector that encodes LacI for repression of gene expression in the absence of IPTG. The gstB clone was transformed into strain BW25113 and expressed as described for murA. GstB was purified as described for MurA except that buffer A consisted of 50 mM HEPES pH 7.7, 40 mM imidazole and 0.5 mM DTT. GstB was dialyzed against 2 L of 20 mM HEPES pH 7.0 containing 1 mM EDTA. Protein concentrations were determined from absorbance readings at 280 nm using a calculated extinction coefficient of 51;450 M −1 cm −1 (ExPASy).
Assay of GstB Activity. Assay mixtures contained 100 mM HEPES pH 7.0, 1.5 mM L-glutathione and varying amounts of bromoacetate and were initiated by the addition of GstB. Solutions of glutathione and bromoacetate were neutralized with NaOH before use. An identical reaction mixture was generated that did not contain GstB, which served as the blank to correct for both the uncatalyzed hydrolysis of bromoacetate and for small amounts of bromide that were observed in solutions of bromoacetate. Reactions were performed at 25°C and were immediately quenched at various time points by the addition of N-ethylmaleimide to 20 mM, which blocks thiols. Bromide concentrations were determined by adding 100 μL of a saturated solution of ferric ammonium sulfate in 70% nitric acid and 100 μL of a saturated solution of mercuric thiocyanate in 100% ethanol, incubating for 3 min and measuring the absorbance at 460 nm, essentially as previously described (29) . A standard calibration curve was created using NaBr (Fig. S7) . The kinetic constants reported are the mean values from two separate experiments with the errors representing the deviation from the mean. Further details are available in SI Materials and Methods.
